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Abstract
This work focuses on the mechanisms of alkaline electroless Ni deposition on n-type Si substrates and silicide 
formation by rapid thermal treatment. The deposited Ni layers were characterized by scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), energy dispersive x-ray spectroscopy (EDS), and electron energy 
loss spectroscopy (EELS). The results indicate that Ni deposition occurs in two steps; a nucleation step, dominated by 
electrochemical processes, followed by autocatalytic deposition of Ni involving the reducing agent NaH2PO2. The 
oxygen content was found to be uniform in the Ni layer and was higher close to the Si/metal interface. The silicide 
formation from alkaline Ni deposits was characterized by 4 point probe measurements, in-situ x-ray dispersion 
(XRD) measurements, and TEM measurements. Results were compared to silicides formed from ‘pure’ sputtered Ni 
layers. It was observed that the silicide-formation temperature is higher for an electroless Ni layer than that for a 
sputtered Ni layer. The results suggest that the temperature ramping rate influences crystallographic phase formation. 
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Introduction
Recently, interest has grown in the photovoltaic industry to use nickel silicides for contacting as an 
alternative for silver in a ‘seed and plate’ approach [1]. A reason for this is the excellent contact properties
of nickel silicides which enable the use of lowly doped emitters with high Voc potential (Ns < 1x1020
at/cm3) [2-3]. 
Additionally, such contacts can be formed selectively in very narrow openings created by laser 
ablation of the SiNx
Current developments are focusing on more industrial friendly deposition techniques such as 
electroless Ni [2, 5-6] and light-induced plating of Ni [7-8]. Both techniques allow selective deposition of 
Ni without using costly sputtering techniques.
antireflection coating (ARC) yielding narrow conductive fingers (total contact widths 
below 50 μm). Following this approach, we recently demonstrated that by combining laser ablation of the 
ARC with sputtered Ni we could form self-aligned nickel silicide contacts with similar performance as 
high efficiency sputtered Ti contacts defined using a photolithography sequence [4].
During electroless nickel deposition, phosphorus and oxygen are incorporated in the metal layer [5, 9-
10]. To date it is not known how this affects silicide formation and hence contacting properties of solar 
cells. In this work we provide insight into the mechanism of electroless Ni deposition in alkaline solution 
and nickel silicide formation by thermal treatment. Results are compared to silicides formed from ‘pure’
sputtered Ni layers.
1. Experimental
The alkaline electroless Ni deposition was performed on POCl3
Cross sections SEM were performed to characterize the grain size, the surface coverage, and the 
thickness of the deposits. 
diffused (60 VT polished and 
pyramid textured p-type Si (100) wafers. A commercial electroless Ni bath was used of which the pH was 
kept constant at pH=10. The deposition temperature was kept constant in the range 38-50ºC. No Pd-
activation of the samples was required. Prior to each deposition the native oxide was removed in a 1% HF 
solution.
The Ni deposits were analyzed by transmission electron microscopy (TEM) (Tecnai F30 ST from FEI) 
operated at 300 kV. Both TEM and high angle annular dark field scanning TEM (HAADF-STEM) modes 
were used. The micro-composition of the specimens was analyzed by energy dispersive X-ray 
spectroscopy (EDS) and electron energy-loss spectroscopy (EELS) acquired in scanning TEM mode
(STEM).
The Ni layers were thermally annealed for 30 s in a RTA setup under N2
The kinetics of nickel silicide formation was studied by in-situ x-ray diffraction (XRD). In-situ XRD 
measurements were performed in a BruNHU'$GYDQFH;5'VHWXSXVLQJ&X.Į UDGLDWLRQ Ȝ 
nm). Polished p-type Si(100), with either a 70 nm electroless Ni layer or a 40 nm sputtered Ni layer, were 
subjected to rapid thermal atmosphere in an inert He atmosphere applying heating rate of 1°C/s. XRD 
measurements were taken every few seconds using a OLQHDUGHWHFWRUFRYHULQJLQș
atmosphere at temperatures
between 250–450°C. Sheet resistance measurements (4 point probe, 4PP) and TEM analysis of the nickel 
silicides was performed after selective wet chemical etching of the unreacted Ni. 
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2. Results and discussions
2.1. Electroless Ni deposition in alkaline solution
Some of the most important issues for metal deposition are adhesion and surface coverage. It has been 
previously reported by Boulord and coworkers that for electroless Ni a high pH value is needed to meet 
these requirements [5]. An important reason for this is the fact that the grain size of the metal can be 
tuned by the OH- concentration; the hydroxyl ion acts as a capping agent [11]. At low pH (pH=5) the 
grain size is in the order of several microns while at high pH value (pH=10) this value is reduced to some 
tens of nanometers. Such small grain sizes ensure a large contact area between the metal and the 
semiconductor a prerequisite for good adhesion. This is demonstrated in Fig. 1(a), which shows a SEM 
image of an electroless deposited Ni layer at pH=10 at 50qC, for 3 minutes. An excellent uniform surface 
coverage is achieved. Based on the SEM analysis, the grain size is estimated to be ~25 nm (see inset). 
Fig. 1: (a) Electroless Ni deposited at 50qC for 3 minutes. The inset shows a close up of the layer, scale bar is 300 nm. (b) Measured 
Rs and calculated thickness of the Ni layer as a function of deposition time (50qC).
Rutherford back scattering was used to analyze the amount of phosphorus and oxygen present in the 
layer: the P-content was 6% and the O-content was 10%. The incorporation of P and O in the layer cannot 
be prevented due to the fact that this is intrinsic to the process; P originates from the reducing agent 
present in the bath and a high pH value could promote the formation of metal (hydr)oxides.
Based on the thickness deduced from RBS and the Rs
The sheet resistance was measured as function of deposition time at 50qC (Fig. 1(b)). The R
value a resistivity of 43.0 ȍ.cm was 
calculated, which is almost one order of magnitude larger than that of the pure metal. 
s values 
were used to calculate the thickness. A straight line is obtained; the electroless Ni thickness increases 
linear with increasing deposition time showing that good thickness control is achieved in alkaline 
solution. Adhesion (tape test) is ensured for layers up to 350 nm. Larger layer thickness results in too 
much stress in the Ni film causing the metal to peel off. From the slope a deposition rate of 80 nm/min is 
extracted. The slope depends on temperature. During the first 15 seconds no deposition is observed, 
which is possibly related to layer nucleation.
In Fig. 2(a) a cross-section TEM image is shown of an electroless Ni layer deposited on a mirror 
polished Si(100) substrate. It is clear that the layer thickness is not uniform and varies between 40 and 90
a b




nm. The interface between the Ni layer and the Si substrate has roughened during the deposition process. 
The grain size is estimated to be 10 nm and is a more accurate approximation than the value obtained by 
SEM. What is striking is that the Ni deposit seems to consist of two layers, a ~20 nm layer at the bottom 
with a thicker layer on top. 
Figure 2: (a) Cross-section TEM picture of electroless Ni deposited at pH=10. (b) HAADF-STEM of the Ni layer, the black contrast 
indicates the presence of O. (c) EDS analysis going from the top of the Ni deposit (1) towards the Si substrate (2). (d) EELS depth 
analysis.
These layers were further characterized with HAADF-STEM, EDS, and EELS analysis. The contrast 
in HAADF-STEM mode is proportional to <Z>2
Alkaline electroless Ni deposition has previously been described as a two step mechanism in which 
nucleation is followed by autocatalytic deposition involving the reducing hypophosphite ion. In the first 
step Ni is deposited onto the surface of the semiconductor via a charge transfer mechanism [12]:
with Z the atomic number; heavier elements are 
visualized brighter than lighter ones. HAADF-STEM (Fig. 2(b)) shows dark contrast lines in the bottom 
layer with a bright contrast area on top of that. This suggests the presence of oxides in the bottom part of 
the layer. EDS analysis (Fig. 2(c)) shows that phosphorus is incorporated uniformly in the layer and that 
Ni is present in both layers. With EDS it is difficult to determine the presence of oxygen due to a large 
background noise related to Ni. EELS analysis is, however, more sensitive and this measurement shows 
elevated oxygen levels in the bottom layer and two peaks, a larger one at the silicon/metal interface and a 
smaller one approximately 20 nm above the interface.
Ni2+ + 2e- ՜ Ni0 (1)
This process results in metal island formation. The Ni in contact with the Si creates a galvanic cell in 
which a mixed potential is established. On the metal side of the interface, Ni deposition is enhanced (eq. 
1) while on the semiconductor side galvanic oxidation is promoted which explains the oxide present at the 
interface:
Si + 4OH- ՜ SiO2 + 2H2O + 4e- (2)
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A silicon oxide as thick as 50 nm has been observed during this nucleation step [10]. However, in our
TEM analysis (Fig. 2) we could not identify such thick oxide layers. A possible explanation is that, 
instead of forming solely SiO2, significant galvanic etching of the Si occurs producing a soluble silicate 
ion which is released into solution:
Si + 6OH- + 4h+՜ [Si(OH)2O2]2-+ 2H2O (3)
Such galvanic etching of the semiconductor explains the observed surface roughening. Once the 
nucleation layer is fully closed, galvanic interaction between the metal and the semiconductor no longer 
occurs and the electroless Ni reaction takes over. First the hypophosphite ion is decomposed at the metal 
surface to form a hydride:
H2PO2- + H2O ՜ H2PO3- + H+ + H- (4) 
In the next step the hydride reduces the Ni ion to the metallic state: 
2H- + Ni2+ ՜ Ni0+ H2 (5)
It is speculated that the oxide detected on top of the nucleation layer is an induction time effect; the build 
up of active species needs to be sufficient in order for the electroless reaction to become sufficiently fast.
In the mean time oxidation of the metal occurs as a result of the high pH. 
More details on the proposed nucleation step explaining the thin SiO2 thicknesses observed will be 
given in a paper to be published.
2.2. Impact of impurities on nickel silicide formation
The nickel silicidation process on Si(100) substrates has been described extensively in literature [14] 
for pure Ni layers obtained by sputtering or evaporation. At about 250°C Ni starts to react with Si to form 
a nickel rich silicide (Ni2Si) phase. In the range of 350-700°C silicon is further consumed by atomic Ni to 
form the monosilicide (NiSi) phase. Finally, at temperatures above 700°C the thermodynamically 
preferred phase NiSi2 forms. In our case the silicide formation of alkaline electroless Ni deposits has been 
studied using Rs
The temperature dependence of R
measurements, TEM analysis and in-situ XRD. 
s obtained for a 40 nm sputtered Ni film and a ~70 nm alkaline 
electroless Ni deposit are shown in Fig. 3. At 250°C only part of the 40 nm PVD Ni was consumed as can 
be seen from the strong increase in Rs after Ni removal. When the temperature was further increased, the 
amount of Ni consumed increased rapidly and at approximately 300°C the full PVD Ni layer was
converted into the silicide phase. Rs decreased further with increasing temperature and leveled off at 
around 400°C corresponding to the conversion of Ni2
In case of electroless Ni, the drop in R
Si into the less resistive NiSi phase. 
s occurred at much higher sintering temperatures. We have 
strong indications that this could be related to the P and O impurities present in the layer. Nickel 
silicidation is a diffusion limited process. Both P and O present in the bulk and especially at the interface 
could affect the silicide formation either by delaying the supply of Ni atoms or by forming higher 
resistive metallic phases. Another important factor is the difference in thicknesses between the two layers, 
which could cause a delay in silicidation due to the higher thermal absorption of the thicker layer (in this 
case electroless Ni).





The silicide layer formed after an RTA step of 350ºC for 30 s is thin, smooth and quite uniform in 
thickness (Fig. 3 (b)). The thickness varied between 18-28 nm. This variation in thickness is significantly 
less than that of the starting layer (Fig. 2(a)). This might contradict the general assumption that silicide 
thickness is directly proportional to the deposited Ni thickness and hence that non-uniform electroless Ni
deposits are responsible for higher leakage currents [5-6]. EDS quantification (Fig. 3(c)) shows that the 
silicide formed consists of Ni2Si. Additionally, no traces of P were found by EDS analysis and no oxide 
is detected by EELS (Fig. 3(d)). Possibly, P and O species accumulate in the unreacted Ni layer during 
annealing as observed by Duhin et al. [13]. 
Fig.3: (a) Sheet resistance as function of temperature. The PVD Ni layer was 40 nm thick and the electroless Ni layer was 70 nm 
thick. (b) High resolution TEM cross section image of a 70 nm electroless Ni after silicidation at 350ºC for 30 s. Unreacted Ni was 
removed selectively. (c) EDS depth analysis going from top of the layer towards the Si substrate. (d) EELS depth analysis. 
The kinetics of nickel silicide formation for PVD Ni and alkaline electroless Ni were studied by in situ
XRD (Fig. 4). These results confirm that nickel silicide formation occurs faster for the 40 nm PVD Ni 
than for a ~70 nm electroless Ni layer. Interestingly, the formation of Ni2Si, which normally forms prior 
to NiSi, was not detected for the electroless Ni case (Fig. 4(b)). However, Ni3P is observed which in 
agreement with work by performed by others [5]. A possible explanation for the absence of Ni2Si might 
be that the formation of Ni3
It is interesting to point out the nickel silicide layer formed after an RTA step of 350ºC for 30s (Fig. 
3(b)) consists of Ni
P is kinetically more favourable.
2Si while this phase was not found during in-situ XRD analysis. This could be an 
indication that phase formation is influenced by the temperature ramping rate. 
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Fig. 4: In situ XRD measurements during temperature ramping (1 °C/s) for (a) 40 nm PVD Ni and (b) 70 nm electroless Ni film. 
Polished p-type Si (100) substrates were used.
3. Conclusions
In this work it is shown that electroless Ni deposition in alkaline solution allows for good surface 
coverage, adhesion and thickness control. A deposition mechanism is proposed in which a nucleation step 
is followed by autocatalytic Ni deposition involving hypophosphite as a reducing agent. Two distinct 
layers are observed; a bottom layer with a higher oxide content and a top metallic layer with lower oxide 
content. No thick SiO2 stack was observed as reported by other workers. A new mechanism for the 
nucleation stage is proposed in which galvanic etching of silicon produces a soluble silicate ion rather 
than a thick SiO2
The silicide formation of the alkaline electroless Ni deposits was characterized by 4 point probe 
measurements, TEM analysis and in situ XRD. Results were compared to silicide formation using pure
sputtered Ni layer. It was observed that silicide formation for electroless Ni layers occurs at higher 
temperatures and proposed explanations are given in terms of P and O impurities at the interface and in 
the bulk and the differences in starting layer thicknesses. The anomalous absence of a Ni
layer. 
2Si layer from 
starting electroless Ni layers in this work could be due to the kinetically favourable formation of NiP3
Although the initial electroless Ni layers were non-uniform, uniform Ni
or 
the temperature ramp rates used.
2
Further work clarifying the mechanisms of the effects seen will be detailed in a paper to be published.
Si layers were formed with a 
smooth (low leakage current) interface to Si and without significant P and O incorporated. These qualities 
combined with slower silicidation kinetics of electroless Ni layers make it a good candidate for the Ni 
source in the formation of nickel silicide contacts in solar cells. 
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